Serum bottles are frequently used for studies of reductive dechlorination by vitamin B.2, but reducing conditions can be maintained only for several days. This time period is inadequate for evaluating the reductive dechlorination of some slow-reacting aromatic compounds. Sealed glass ampoules maintain reducing conditions for many months, but this method has the disadvantage of disallowing subsampling of the reaction mixture. A glass serum tube was modified for these experiments which not only maintained anoxic conditions for several days but also allowed subsamples to be removed during experiments. The modification was a restriction placed in the middle of the tube by heating in a flame, creating two chambers separated by a narrow neck The lower chamber contained the oxygen-sensitive reaction mixture. The upper chamber, sealed with a septum and screw cap, was purged with purified nitrogen or argon introduced and vented through fused silica capillaries. Reductive dechlorination of chlorophenols by vitamin B12 reduced with Ti(III) citrate was monitored in all three reactor types. Sealed ampoules maintained reducing conditions for up to 12 months. The two-chambered reactor maintained reducing conditions longer than the serum vials when frequent samples were taken.
has long been known to be oxidized by alkyl halides, resulting in alkylcobalamin. Release and further reduction of the alkyl or alkenyl group yields vitamin B12a and the reductively dechlorinated alkane or alkene (16) . The presence of high quantities of cobalamins in anaerobic bacteria (2, 6, 7, 8, 17, 19, 21) and the ability of vitamin B12 to catalyze reductive dehalogenations has led to speculation that vitamin B12 may serve as an abiotic model of biological reductive dechlorination (10) .
Most investigations of dehalogenation by vitamin B12 are conducted with serum bottles (1, 4, 9, 10) by using modifications (13) of the Hungate technique (5, 6, 12) . Because reductive dechlorination of chlorinated alkanes proceeds to completion relatively rapidly, experiments can be conducted in a few minutes or hours. The reductive dechlorination of aromatic halides, however, is considerably slower than that of polychlorinated alkanes or alkenes (1, 4) ; experiments with the aromatic compounds require higher reactant concentrations, longer reaction times, or both. The purpose of this paper is to present methods to allow the investigation of reductive dechlorination by vitamin B12 over extended time periods.
The choice of septum material is crucial. Only a butyl rubber septum will exclude oxygen (13) . Viton septa (9, 10) and Teflon-faced septa (1, 4) are often used because these materials are less permeable to chlorinated alkyl compounds. These septa are not efficient at maintaining reducing conditions (1, 4, 9, 10) , probably because of perfusion of oxygen through septum punctures or past the glass-septum seal. A natural rubber septum above a Viton septum seals more rapidly after puncture and maintains reducing conditions for a longer period of time (3) .
High concentrations of dithiothreitol can maintain reducing conditions in vitamin B12 solutions for several weeks (1), but the amber color is characteristic of the less-reduced and less-oxygen-sensitive form of the cobalamin, vitamin Bi2r (15) .
Maintaining the much more oxygen-sensitive vitamin B12, requires more-strict anoxia. Higher concentrations and frequent sampling can further decrease the ability to maintain reducing conditions for extended times. Unless residual oxygen is rigorously excluded from commercial compressed gases, constant blanketing of or purging the reaction medium with purified nitrogen or argon does not significantly extend the useful time of reducing conditions (11 8 .2 by the addition of NaOH. The solution was then diluted to 100 ml with distilled, deionized water. This stock solution was divided into 15-ml aliquots and stored frozen in serum vials capped with Teflon-lined rubber septa and aluminum crimp seals. The frozen stock solutions maintained potency for at least 5 months.
The gas train consisted of copper tubing fitted to a source of compressed argon. The gas passed through a flow meter, 02-scavenging cartridge (OM-1; Supelco, Inc., Bellefonte, Pa.), and needle valve. At the end of the copper train, a length of fused silica capillary tubing (0.32-mm [inside diameter] gas chromatograph guard column; J&W Scientific, Folsom, Calif.) was attached with compression fittings.
TCR. To prepare the two-chambered batch reactor (TCR), a narrow neck was introduced into a glass culture tube in a flame, creating two separate chambers (Fig. 1) . The neck was just wide enough to allow insertion of a flea-sized stir bar (Microbar; 8 by 1.5 mm; Fisher Scientific, Pittsburg, Pa.). With the reaction mixture in the bottom of the tube, the upper chamber was sealed with a Teflon-lined rubber septum and screw-top septum cap. The capillary at the end of the gas train was used as a long needle which could be passed through the septum into the liquid to purge the reaction medium or raised to flush the upper chamber. Gas pressure was vented with a second capillary that also served as a sampling port. When the second capillary was extended into the reaction mixture, samples were forced out under the pressure of the purging gas.
Additions of reagents directly to the lower chamber were conveniently made with a capillary syringe (J&W Scientific). Injector and detector temperatures were 250 and 320°C, respectively. A 1-pA aliquot was introduced by splitless injection. The oven temperature was 45°C for 2 min, it was then increased at 15°C per min to 105°C and then at 5°C per min to 215°C, and it remained at that temperature for 5 min. The carrier gas was helium (1 mVmin), and the makeup gas was argon-methane (95%-5%; 60 m/min).
RESULTS
Maintenance of reducing conditions. Only butyl rubber septa maintained reducing conditions in serum vials for greater than a few hours, but even this performance was limited by sampling the contents. An undisturbed serum vial with a butyl rubber septum maintained reducing conditions for 5 days, but the solution turned amber after as few as four 100-pul samples of vessel contents were removed by syringe. Loss of reducing conditions occurred even when the vessel was pressurized initially with the purging gas. Serum vials with Viton or Teflon-rubber septa maintained reducing conditions for a maximum of 5 h, even with no sampling.
The TCR maintained reducing conditions for up to 8 days, independent of the number of samples taken from the vessel. An identical culture tube, purged with argon but without the constriction, maintained reducing conditions for only a few hours.
The hermetically sealed ampoules provided the longest useful time of reducing conditions, as long as 1 year. These ampoules can be destructively sampled by breaking the glass seal.
Reductive dechlorination of chlorophenols. Figure 2 shows the progress of the reductive dechlorination of PCP conducted in the TCR, sealed ampoules, and butyl rubber-sealed serum vials. The products in all cases were 2,3,4,6-and 2,3,5,6-tetrachlorophenol. Similar rates were seen in all cases. Conversion of PCP was greater than 95% after 45 h. Reductive dechlorination continued in the ampoules until PCP was virtually gone at 72 h. The rate of reductive dechlorination in the butyl rubber-capped vial was the same as that in the ampoules, until it decreased toward the end of the run coincident with a change of solution color to reddish brown. Since the Ti(III) citrate was present originally in great excess, this change in color was likely due to the inadvertent introduction of oxygen rather than consumption of the reductant by the dehalogenation process. With the great excess of vitamin B12. 
DISCUSSION
Similar rates of reductive dechlorination were observed when the TCR, the serum vial, and sealed ampoules were used (Fig. 2) . In all three reactors, reductive dechlorination proceeded as long as the reaction medium remained blue, indi- The serum vial technique is most useful for substrates that react relatively rapidly. Butyl rubber septa maintain reducing conditions most effectively but may not be compatible with the substrate under study (9, 10) .
The TCR is especially suitable for kinetic studies with nonvolatile substrates since successive samples of the same reaction mixture can be taken without changing the reaction conditions. Traces of atmospheric oxygen which perfuse around the septum or through syringe puncture wounds are flushed out of the upper chamber before they can diffuse into contact with the oxygen-sensitive reaction mixture. The narrow neck prevents convective transfer of oxygen by the circulating purge gas. Oxygen flux to the surface of the reaction medium is therefore limited to diffusion between the chambers through the neck. This diffusive transfer would be expected to be very slow because of the small cross-sectional area of the neck and small oxygen concentration gradient between the upper and lower chambers. The TCR has the additional advantage of permitting efficient mixing of the reaction mixture without risking contact of the reactants with the septum material.
We have compared three techniques for conducting o,,ygensensitive reactions. By these methods, relatively slow reactions can conveniently be studied. The TCR is a new method not previously encountered in reductive dechlorination studies. As the ability of vitamin B12 to reductively dechlorinate chlorinated hydrocarbons is extended to nonvolatile substrates, its use in kinetic studies will be valuable. Serum vials are most suitable for volatile substrates which react relatively rapidly. Careful consideration of septum material must be made when using serum vials for these studies. Sealed ampoules can maintain extreme reducing conditions for extended periods and should prove useful in screening the ability of vitamin B12 to reductively dechlorinate ever more exotic substrates.
